To gain insights into complex biological processes, such as transcription and replication, the analysis of protein-DNA interactions and the determination of their sequence requirements are of central importance. In this study, we probed protein microarray technology and ultraviolet crosslinking combined with mass spectrometry (MS) for their practicability to study protein-DNA interactions. We chose as a model system the well-characterized interaction of bacterial replication initiator DnaA with its cognate binding site, the DnaA box. Interactions of DnaA domain 4 with a high-aYnity DnaA box (R4) and with a low-aYnity DnaA box (R3) were compared. A mutant DnaA domain 4, A440V, was included in the study. DnaA domain 4, wt, spotted onto FAST slides, revealed a strong signal only with a Cy5-labeled, double-stranded, 21-mer oligonucleotide containing DnaA box R4. No signals were obtained when applying the mutant protein. Ultraviolet crosslinking combined with nanoLC/MALDI-TOF MS located the site of interaction to a peptide spanning amino acids 433-442 of Escherichia coli DnaA. This fragment contains six residues that were identiWed as being involved in DNA binding by recently published crystal structure and nuclear magnetic resonance (NMR) analysis. In the future, the technologies applied in this study will become important tools for studying protein-DNA interactions.  2004 Elsevier Inc. All rights reserved.
Protein-DNA interactions drive basic cellular processes such as transcription, replication, and recombination. The identiWcation of such interactions and the determination of their speciWcity by measuring the eVects of mutations on the interaction are important to understand these processes.
Direct methods, such as in vivo footprinting [1] , allow target identiWcation of single DNA-binding proteins. A genome-wide location of DNA-binding proteins is enabled by the ChIP-chip approach, which combines chromatin immunoprecipitation with cDNA microarray hybridization and has recently been used to map transcriptional networks in yeast [2] . However, this method is limited by the need for antibodies against the DNA-binding proteins analyzed and does not easily allow including mutant DNA-binding proteins in the analysis.
Several in vitro methods have been used for the analysis of protein-DNA interactions. For a given DNAbinding protein, in vitro selection [3] has permitted the sampling of multiple DNA-binding sites. However, this method provides only a partial view of the binding site speciWcity because only the strongest interactions are selected. This limitation has been overcome by the development of dsDNA arrays for studying the DNA sequence speciWcity of protein-DNA interactions [4] .
For given target DNA sites, phage display has emerged as a powerful tool, for example, for selecting transcription factors that recognize the given target out of millions of protein variants [5] . To study the eVects of individual protein mutants on the interaction, other methods that permit analysis of only one interaction at a time, such as gel mobility shift analysis [6] , Southwestern blotting [5] , enzyme-linked immunosorbent assay (ELISA) 1 -based methods [7] , and Biacore analysis [6, 7] , had to be used. However, these methods are costly and are limited by low throughput. These limitations may be overcome by protein array-based methods, which allow the analysis of hundreds or even thousands of proteins (mutated or nonmutated) at once against a molecular target in a highly parallel fashion [8, 9] . Initial attempts to apply this technology to the analysis of protein-DNA interactions were made by Ge [10] using macroarrays generated by dot blotting. Recently, membrane arrays combined with near-infrared Xuorescence detection have been used to characterize protein-DNA interactions [11] .
In the current proof-of-principle study, we demonstrate the power of the protein microarray technology to screen for protein-DNA interactions. We also show that complementary information can be obtained by combining this technique with nanoLC/MALDI-TOF mass spectrometry (MS) analysis of ultraviolet (uv)-crosslinked interactants, allowing one to determine the part of the protein involved in the interaction.
We analysed the protein DnaA from Escherichia coli as a well-characterized DNA-binding protein. DnaA is the key protein for the initiation of bacterial replication from the chromosomal origin, oriC, of E. coli and other bacteria [12] . The DnaA protein recognizes and binds speciWcally to consensus sequences in oriC, termed DnaA boxes (R1-R4 and M) [13] . In addition to its central role in the initiation of replication, DnaA acts as a transcription factor of various genes [14] . On binding to DnaA box motifs located within promoters or coding regions of these genes, DnaA can act as a repressor, an activator, or a terminator of transcription [15] .
DnaA binds to a nonpalindromic 9-bp consensus sequence 5Ј-T-T-A/T-T-N-C-A-C-A or a close match to it [13, 16, 17] . The binding eYciency of DnaA is aVected by this 9-bp consensus sequence and by the Xanking sequences [18] and involves both strands [19] . Dissociation constants for binding of DnaA to individual DnaA boxes vary between 1 nM (DnaA boxes R1 and R4) and more than 200 nM (unspeciWc binding, DnaA box R3) [18] . Based on sequence alignments, the DnaA protein can be subdivided into four domains [20] with distinct biochemical functions [21] . The C-terminal domain, domain 4 (aa 374-467), of E. coli DnaA is necessary and suYcient for speciWc DNA binding in vitro and in vivo [6, 22] . Several amino acid residues were identiWed as being involved in DNA binding by an extensive characterization of the DNA-binding domain using mutants of DnaA [6] . To study the reliability of the protein microarray assay, we included one of the nonbinding mutants, the A440V DnaA [6] , in this study.
Materials and methods

Oligonucleotides
All oligonucleotides used in this study for cloning, gel retardation, protein microarray experiments, and crosslinking are listed in Table 1 . Unless stated otherwise, complementary oligonucleotides were annealed to obtain double-stranded oligonucleotides (dsOligos) by mixing 10 l of the appropriate oligonucleotides (100 pmol/ l) with 10 l 10 £ Tris-acetate buVer (330 mM Tris, pH 7.6; 660 mM Mg-acetate), heating to 95°C and subsequently cooling to room temperature, and adjusting to 1 £ Trisacetate buVer afterwards.
Construction of expression vector pQE30ps
Oligonucleotides pQE30_PS forw. and pQE30_PS rev. (Table 1) were hybridized and ligated into the BamHIopened pQE30 (Qiagen, Hilden, Germany). The resulting vector clone pQE30ps contains a site for the precision protease to remove the RGS-His 6 tag after purifying the tagged proteins. 1 Abbreviations used: ELISA, enzyme-linked immunosorbent assay; MS, mass spectrometry; uv, ultraviolet; dsOligos, double-stranded oligonucleotides; TBST, TBS/0.1% (v/v) Tween 20; m/z, mass-to-charge ratio; NMR, nuclear magnetic resonance. [6] as template. The PCR product was restricted with BamHI/HindIII and ligated with pQE30ps previously digested with the same restriction enzymes.
In the case of A440V DnaA domain 4 (aa 374-467), the DNA was ampliWed with the same oligonucleotides as was the wt protein using pDnaA116A440V [6] as template. All clones were veriWed by DNA sequencing.
Control clone
As the control clone, we used a cDNA expression clone from a human fetal brain library [23] expressing protein Drebrin F (Swiss-Prot accession: Q9UJU6) as an N-terminal fusion protein with an RGS-His 6 tag.
Expression and puriWcation of the proteins
Expression of His-tagged DnaA domain 4, A440V DnaA domain 4, and control protein was performed in E. coli WM1704 cells (araD139, chr::Tn10, del(lacU169 proA+), del(lon), hXA150, rpsL) [24] carrying the plasmid pSE111 with the lacI Q repressor and the argU gene for a rare arginine tRNA [25] . For expression, the cells were induced at an OD 600 of 0.6 with 1 mM IPTG for 60 min at 37°C. Cells harvested from 1 L induced culture were resuspended in 10 ml lysis buVer (40 mM Hepes, pH 7.6; 700 mM KCl; 50 mM Mg-acetate; 10 mM imidazol; 5% glycerol; 5 mM -mercaptoethanol; 0.02% NaN 3 ), soniWcated, and centrifugated. The cleared lysate was loaded onto an equilibrated NiNTA column (Qiagen). His-tagged proteins were eluted with G-100 buVer (40 mM Hepes, pH 7.6; 100 mM K-glutamate; 10 mM Mg-acetate; 5% glycerol; 5 mM -mercaptoethanol; 0.02% NaN 3 ) plus 250 mM imidazol.
In the cases of wt and A440V DnaA domain 4, the eluates were subsequently loaded onto a cation exchange column (SP-Sepharose, Amersham Biosciences, Buckinghamshire, UK). Proteins were eluted with a 150 to 1000 mM K-glutamate gradient in G-100 buVer. Protein containing peak fractions were determined by SDS-PAGE, pooled, and concentrated with an Amicon Ultra 10 device (Millipore, Bedford, MA, USA) to 5 mg/ml (DnaA domain 4) or 1 mg/ml (A440V DnaA domain 4) and were stored at ¡80°C. Fulllength DnaA (aa 1-467) was expressed and puriWed as described previously [6] .
Gel retardation assay
Binding of full-length DnaA protein (aa 1-467), DnaA domain 4 (aa 374-467), and A440V DnaA domain 4 to dsOligo substrates was analyzed by band shift assays on 2% agarose gels (Seakem LE, FMC Bioproducts, Rockland, ME, USA). Proteins were incubated with a 21-mer dsOligo containing DnaA box R4 and with a nonbinding 21-mer dsOligo (Table 1) . Protein aliquots were thawed and diluted with binding buVer (20 mM Hepes/KOH, pH 8.0; 5 mM Mg-acetate; 1 mM EDTA; 4 mM DTT) to a Wnal concentration of 2 pmol/ l on ice. Assay mixtures (16 l) were assembled by mixing the desired protein (4 pmol) with 6 pmol DNA substrate in 1£ binding buVer on ice. Binding of the proteins to DNA was achieved by incubation of the reaction for 5 min on ice and an additional 10 min at 30°C. The samples were placed on ice until loading to the gel. Electrophoresis was carried out at room temperature for 90 min at 4 V cm ¡1 in 0.5£ TBE buVer (44.5 mM Tris-borate; 1.0 mM EDTA, pH 8.0). Gels were stained with VISTRA-Green (Molecular Probes Europe, Leiden, Netherlands) in electrophoresis buVer according to the manufacturer's instructions. Stained gels were read with a FluorImager 575, and images were further processed with ImageQuant NT5.1 software (Molecular Dynamics, Krefeld, Germany).
Generation of protein microarrays
FAST slides (Schleicher and Schuell, Dassel, Germany) were placed in a Q-array system (Genetix, New Milton, UK) equipped with humidity control (65%) and 16 blunt-end stainless-steel pins with a tip diameter of 150 m.
DnaA domain 4, A440V DnaA domain 4, and the control protein (500 g/ml each) were spotted. BSA (500 g/ml) and protein elution buVers were used as controls. All samples were spotted using a 4 £ 4 spotting pattern (test spot) with 16 spots per sample. Each spot was loaded once, transferring a volume of 0.6 nl per spot (dot pitch 950 microns and spotting depth 150 microns).
Screening of FAST slides with anti-RGS-His 6 antibody
The slides were blocked for 1 h at room temperature using 2% BSA/TBST (TBS/0.1% (v/v) Tween 20). Mouse-anti-RGS-His 6 antibody (Qiagen) was diluted in blocking solution (1:2000) and then applied onto the arrays for 1 h at room temperature, followed by two 10-min wash steps with TBST. The slides were further incubated for 1 h at room temperature with a Cy3-labeled secondary antibody (rabbit anti-mouse immunoglobulin G) (Dianova, Hamburg, Germany), which was applied using a 1:800 dilution in blocking solution. Then two wash steps of 30 min each and one wash step of 60 min were performed in TBST. All antibody incubation steps were carried out in a 200-l volume underneath a cover slide and in the dark.
Screening of FAST slides with dsOligos
Complementary oligonucleotides for DnaA box R4 and DnaA box R3 (Table 1) were mixed (each 10 l of a 100-pmol/ l solution) and were annealed by boiling for 5 min and slow cooling to room temperature (protected from light). The Cy5-labeled dsOligos (R4/oriC and R3/ oriC) were diluted with aqua bidest to a stock concentration of 10 pmol/ l and stored at ¡20°C.
To screen on FAST slides, dsOligo dilutions were prepared with 2% BSA/TBST and the addition of 48 M poly-d [IC] . First, the slides were blocked for 1 h at room temperature with 300 l 2% BSA/TBST. Then the slides were incubated with the dsOligo dilutions (100 l) for 1 h at room temperature and then washed in two wash steps: one for 30 min and another for 45 min with TBST. All incubation steps were carried out underneath a cover slide and in the dark. The signal detection was performed with the aid of a ScanArray 4000 device (PerkinElmer, Cologne, Germany).
Image analysis
The median spot intensity data (background subtracted) were obtained with the GenePixPro 4.0 software. For further comparison, the average values of 16 spots have been calculated.
uv crosslinking of DnaA domain 4 with DnaA box R4
uv crosslinking of His-tagged DnaA (374-467) was performed with a 21-mer dsOligo containing DnaA box R4 that was generated by annealing the oligonucleotides Box R4/oriC-BrdU upper and Box R4/oriC lower (Table 1) .
Analytical scale
Protein (50 pmol) was incubated with DNA in various molar ratios (5:1, 2:1, 1:1, 1:2, and 1:5). All reactions were done in microtiter plates in a Wnal volume of 20 l in modiWed Marians buVer (20 mM Hepes, 5 mM Mgacetate, 1 mM EDTA, 4 mM DTT, and 100 M ATP). Samples were incubated for 15 min at 30°C, placed on ice, and irradiated with uv light (256 nm) for various times (5-60 min) in a uv crosslinker (Stratagene, La Jolla, CA, USA) at a distance of 5 cm from the light source. Samples were then mixed with one-tenth volume of 10£ Lugtenberg buVer (625 mM Tris-HCl, pH 6.8; 10% mercaptoethanol; 20% SDS; 0.2% Bromphenol blue), and crosslinked protein was separated from noncrosslinked material by SDS-PAGE. Reaction products were visualized using a FluorImager (Amersham Biosciences) for Xuorescein-labeled oligonucleotides and with Coomassie staining for the protein moiety. Optimal results were obtained with protein and DNA in a molar ratio of 1:1 and after 15 min of irradiation.
Preparative scale
For the preparative scale, multiple samples of 200 pmol protein and 200 pmol dsOligo were incubated and irradiated as described for the analytical scale reactions. Crosslinked DnaA (aa 374-467) was isolated by preparative SDS-PAGE. The band of interest was excised from the gel and stored at ¡20°C until further processing. Likewise, the noncrosslinked protein band was cut out and kept as a reference sample.
Mass spectrometric analysis of DnaA domain 4
Excised gel samples were washed three times for 30 min in 200 l 50% acetonitrile (v/v). Water was then expelled from the gel piece by incubation with 200 l acetonitrile for 5 min, followed by lyophilization in a vacuum centrifuge for 10 min. An 8-l aliquot of trypsin solution (12 ng/ l; 50 mM NH 4 HCO 3 , pH 7.8) was added to the gel samples. After absorption of the trypsin solution, digestion buVer (50 mM NH 4 HCO 3 ) was added to cover the gel samples. Digestion was performed at 37°C overnight.
MALDI-TOF MS was performed on a ReXex III instrument (Bruker Daltonics, Germany). CHCA was used as the MALDI matrix, and the samples were prepared as described previously [26] . MS/MS data were acquired on an UltraXex instrument equipped with LIFT technology (Bruker Daltonics). Data were analyzed using the FlexAnalysis software provided by the instrument manufacturer.
An in-house-developed oZine nanoLC-MALDI interface was used for fractionation of nanoLC eZuent at a Xow of 200 nl/min (UltiMate, LC Packings, Netherlands) directly onto prepared MALDI matrix layers [27] . A reverse-phase capillary column (15 cm, 75 m i.d., PepMap column, LC Packings) was used for separation of the in-gel tryptic digests using a binary gradient of buVer A (1% acetonitrile (v/v), 0.05% triXuoroacetic acid (v/v)) and buVer B (90% acetonitrile (v/v), 0.04% triXuoroacetic acid (v/v)) at 1.5% buVer B/min. Initiation and termination of fraction collection were triggered from the LC system at time points deWned within the separation gradient. For each sample, 70 fractions, each corresponding to 20 s, were collected onto the MALDI sample support. Detection of compounds in the deposited LC fractions was performed using a ReXex III MALDI-TOF instrument.
Mass spectrometric data processing was performed using in-house-developed software that performs spectra calibration according to a method described previously [28] , followed by Wltering of background signals. Further processing of LC-MALDI MS data involved grouping of the signals detected into diVerent fractions according to mass-to-charge ration (m/z) and LC elution time, resulting in a peptide proWle in which each peptide is characterized by its detected mass and elution time.
Results
Results of gel retardation experiment
His-tagged proteins were expressed, puriWed, and analyzed using SDS-PAGE (data not Table 1 ). The binding reaction was carried out as described. Complex formation between wt DnaA domain 4 and DnaA box R4 is in the same concentration range as with full-length DnaA. The full-length DnaA has a molecular weight of approximately 52 kDa compared with approximately 13 kDa for wt DnaA domain 4. The higher molecular mass results in a more retained band in the gel retardation experiment (lanes 3 and 5 in Fig. 1 ). The mutant A440V DnaA domain 4 was unable to bind speciWcally to DnaA box R4 (lane 7 in Fig. 1) . No binding at all was detectable to the nonbinding dsOligo (lanes 4, 6, and 8 in Fig. 1 ).
Protein-DNA interactions on protein microarrays
We used the interaction of DnaA domain 4 with DnaA box R4, which has been well characterized by the gel retardation experiments, as a model to probe the protein microarray technology for its practicability to study protein-DNA interactions. For this purpose, the same dsOligo-containing DnaA box R4 was used as in the gel retardation experiment, but with Cy5 label (Table 1) . Protein arrays were generated spotting His-tagged DnaA domain 4, the A440V DnaA domain 4, and a Histagged control protein together with buVer controls onto FAST slides. To detect the immobilized His-tagged proteins, a microarray was incubated with an anti-RGS-His 6 antibody followed by a Cy3-labeled secondary antibody (Fig. 2) . As expected, all three His-tagged proteins gave a Xuorescence signal, in contrast to the buVers and the BSA control. Incubation of slides spotted in the same series with the R4 dsOligo resulted in a speciWc detection of wt DnaA domain 4 on the microarray (sample 1 in Fig. 2) . The A440V DnaA domain 4, as well as the His-tagged control protein and the other controls, gave no signals.
To compare the concentration-dependent binding properties of DnaA boxes R4 and R3 to immobilized DnaA domain 4 and its mutant A440V, three series of protein microarrays were spotted as described above. Each array series was incubated in a single experiment with freshly prepared dilution series of Cy5-labeled dsOligos (2-2000 nM) containing the respective DnaA box. Fig. 3A shows the images following incubation of the protein microarrays with 500 nM dsOligo concentration (DnaA box R4/oriC and box R3/oriC, respectively).
For every dsOligo concentration, the mean values of the relative intensities of the 16 spots per sample (DnaA domain 4, A440V DnaA domain 4, and control protein) were determined from the images and plotted against the respective dsOligo concentration as shown in Fig. 3B for one representative experiment out of the three experiments. In the case of DnaA box R4, the mean relative intensity for its binding to DnaA increased with rising dsOligo concentration. The A440V mutant and the control protein gave no speciWc signals with R4. Only at the highest oligonucleotide concentration was an unspeciWc binding of R4 to these proteins detectable. The concentration series with DnaA box R3 revealed only at the highest dsOligo concentrations unspeciWc signals for DnaA, A440V, and control (Fig. 3B) .
uv crosslinking of the wt DnaA domain 4 with DNA and mass spectrometric determination of the interaction site
His-tagged DnaA domain 4 was crosslinked with a dsOligo of DnaA box R4 covering the same DNA sequence as the dsOligos used for the gel retardation and microarray experiments (Table 1) . To obtain optimal yields of crosslinked protein, the crosslinking procedure was optimized with respect to the molar ratios of protein and DNA and to the irradiation time as described in Materials and methods. The crosslinked protein was further investigated to locate the region of the protein sequence interacting with DNA. Both crosslinked and noncrosslinked DnaA domain 4 were separated by 5, and 7 , respectively) and with a nonbinding dsOligo (lanes 4, 6, and 8, respectively). As controls, the used dsOligos without protein were loaded: DnaA box R4 (lanes 1 and 9) and nonbinding dsOligo (lanes 2 and 10) . (4-6) were spotted on FAST slides using a 4 £ 4 spotting pattern (test spot) with 16 spots per sample. Each spot was loaded once, transferring a volume of 0.6 nl per spot (dot pitch 950 microns and spotting depth 150 microns). The chips were screened with an anti-RGS-His 6 antibody, followed by a Cy3-labeled secondary antibody (top image) or the Cy5-labeled dsOligo BoxR4/oriC, 500 pmol/ml (bottom image): (1) wt DnaA domain 4,500 g/ml in G100 buVer; (2) A440V mutant DnaA domain 4,500 g/ml in G100 buVer; (3) control protein, 500 g/ml in G100-buVer plus 250 mM imidazole; (4) G100 buVer; (5) BSA, 500 g/ml in aqua bidest; (6) G100 buVer plus 250 mM imidazole. SDS-PAGE and subjected to trypsinolysis, and the resulting tryptic digests were analyzed by MALDI-TOF MS as well as by nanoLC/MALDI-TOF MS. The analysis was performed in reXector mode with detection in the 600 to 4000 m/z range optimal for the detection of tryptic peptides. The peptide, which is crosslinked to the 21-mer DNA (molecular weight »8 kDa), is not detectable under these analytical conditions. Instead, it is identiWed by the absence of its signal in the peptide proWle of the crosslinked protein.
The peptides detected by MALDI-TOF MS of the unseparated tryptic digests of the crosslinked and noncrosslinked protein were the same; therefore, the location of the crosslink could not be derived from the spectra. The relatively low sequence coverage of 56% (Fig. 4) can be attributed to signal suppression caused by the presence of two strong signals corresponding to the following DnaA tryptic peptides: ELTNHSLPEIGDAFGGR (aa 416-432, m/z 1812.89) and EESHDIKEDFSNLIR (aa 449-463, m/z 1831.88). The application of the recently established oZine nanoLC/MALDI-TOF MS technique [26] , which involves a separation step prior to MS analysis, permitted detection of peptides not observed with direct MALDI-TOF MS analysis of the peptide mixture. Consequently, combining both MS approaches led to nearly complete sequence coverage in the protein control (Fig. 4) . The assignment of all DnaA tryptic peptides was conWrmed by MS/MS analysis (data not shown).
To determine the DNA-binding site of the DnaA protein, nanoLC/MALDI MS analysis was performed on both the crosslinked protein-DNA and the noncrosslinked protein. The peptides detected in both samples were compared with respect to their m/z values and retention times. Peptides with relative mass diVerences of less than 50 ppm and retention time diVerences of less than 1 min, corresponding to three LC/MALDI fractions, were considered to be identical. Fig. 5 shows the mass spectra acquired from three consecutive fractions for both samples. In these fractions, the same peptides are detected in the two samples with the exception of the peptide of m/z 1152.6 (indicated in boldface in Fig. 5A ), which was detected only in the noncrosslinked protein.
This was the only detected diVerence between the two data sets. MS/MS analysis of this compound (Fig. 6 ) and a fragment ion Wngerprint search, using the MASCOT software (Matrixscience, UK), identiWed it as the peptide DHTTVLHACR (aa 433-442 of DnaA, Fig. 4 ). The absence of this peptide in the sample of the crosslinked protein-DNA (Fig. 5B) identiWes it as the crosslinked peptide.
Discussion
In the current study, for the Wrst time, we applied the protein microarray technology using a solid support in combination with Xuorescence detection to analyze protein-DNA interactions. Ultraviolet crosslinking combined with MS located the site of the determined interaction. The studies were performed using the interaction of Escherichia coli DnaA with its cognate-binding site, the DnaA box, as a model. This interaction has been well characterized previously by gel retardation experiments [18] , Biacore experiments [6] , a solid-phase DNAbinding assay [22] , crystal structure analysis [29] , and nuclear magnetic resonance (NMR) analysis [30] .
We used the DNA-binding domain 4 instead of the entire protein to overcome eVects due to the homooligomerization of the protein and to restrict the analysis to undisturbed protein-DNA binding. The speciWc aYnity of DnaA domain 4 for the DnaA box R4 is Gray Welds mark amino acids that were also identiWed as being involved in DNA binding by crystal structure analysis (C) [29] or by NMR analysis (N) [30] . comparable to the aYnity of the full-length DnaA as demonstrated by gel retardation experiments in this study and by Biacore experiments (0.9 nM K d for fulllength DnaA [6] ).
Previously, several other applications of protein microarrays have been described, for example, studies of molecular interactions of spotted proteins with antibodies, other proteins, small molecules, and lipids as well as the analysis of enzymatic reactions such as protein phosphorylation [9] . We used FAST slides that were used successfully previously to immobilize proteins or antibodies in other studies [31] [32] [33] . These slides are coated with a nitrocellulose-derived polymer, allowing a noncovalent attachment of the proteins that should allow the proteins to retain their native form. Using this protein microarray assay, we were able to monitor the interaction of wt DnaA domain 4 with a dsOligo containing DnaA box R4 (Figs. 2 and 3) , indicating that the native structure of the protein was retained after immobilization on the surface. The signal intensity increased with rising dsOligo concentations (2-2000 nM) (Fig. 3) . A clear signal was still detectable after incubation of immobilized DnaA (24 fmol/spot) with 50 nM dsOligo.
Lower protein concentrations were not tested. A direct comparison of this sensitivity with the recently published data of Snapyan and colleagues [11] obtained by studying protein-DNA interactions with membrane protein arrays is not possible because those authors studied interactions of other orders and used another detection principle.
To study the reliability of the protein microarray, we included a nonbinding mutant, the A440V DnaA domain 4 [6] , in the experiments. The results obtained for the immobilized A440V DnaA domain 4 after incubation with DnaA box R4 dsOligo (Fig. 3 ) are in agreement with literature data for this mutant [6] and demonstrate the ability of the protein microarray technology to measure eVects of mutations on the interaction speciWcity. Also, variations in the binding speciWcity due to changes in the DNA substrate used are detectable, as demonstrated by comparing the binding of wt DnaA domain 4 to DnaA box 3 with that of wt DnaA domain 4 to DnaA box R4 (Fig. 3) . In contrast to the speciWc binding of DnaA box R4 to DnaA domain 4, no speciWc binding of DnaA box R3 was detectable. Only at the highest DnaA box R3 dsOligo concentration were unspeciWc signals obtained for wt and mutant DnaA domain 4 as well as for the control protein (Fig. 3) . These results are in agreement with literature data on DnaA box R3 [18, 34, 35] .
The interaction of DnaA domain 4 with DnaA box R4 detected by protein microarray technology was further investigated by uv crosslinking combined with mass spectrometric analysis. As a Wrst step, MALDI-TOF MS peptide mass Wngerprinting of the crosslinked and noncrosslinked protein was performed. Because of MALDI signal suppression, which hampers the detection of some peptides in mixtures, the sequence coverage was insuYcient for determination of the DNA attachment site (Fig. 4) . For unambiguous identiWcation of the crosslinked peptide, the analysis was optimized for high sequence coverage by the introduction of a chromatographic separation step prior to MS analysis. The analysis by nanoLC/MALDI-TOF MS led to nearly complete sequence coverage in the control protein and revealed a peptide missing only in the tryptic digest of the crosslinked protein (Figs. 4 and 5) . This missing peptide, DHTTVLHACR, corresponds to the part of the protein sequence where the crosslink occurred (aa 433-442 of E. coli DnaA, Fig. 4 ). This result is in agreement with recently published structural data [29, 30] . The exact location of the crosslink within the tryptic peptide was not further investigated, although the feasibility of doing this has been demonstrated with ESI MS [36, 37] .
The peptide fragment (aa 433-442) missing in the nanoLC/MALDI-TOF analysis (Fig. 5) should be involved in the speciWc protein-DNA contact. The 10 amino acid-enclosing fragment contains six residues (D433, H434, T435, T436, H439, and R442) that were also identiWed as being involved in DNA binding by crystal structure analysis [29] and by NMR analysis [30] of E. coli DnaA domain 4 (Fig. 4) . All six of these amino acids recognize bases in the major groove of the DnaA box sequence. Amino acid exchanges at the histidine-434 and threonine-435 positions led to severely reduced binding activities of the DNA-binding domain to DnaA box R4, as demonstrated by an extensive in vitro study of the DNA-binding domain [6] .
Histidine-439, histidine-434, and threonine-435 recognize the thymidine T4 (T4 in the consensus sequence 5Ј-T-T-A/T-T-N-C-A-C-A). This base was substituted by bromodeoxyuracil in the crosslinking experiments performed in this study. 5-Bromodeoxyuracil closely resembles thymine structurally and can replace it in vivo [38] . The substitution of thymine residues by 5-bromodeoxyuracil promotes crosslinking of protein-DNA complexes on uv irradiation if the interaction partners are in close proximity (i.e., zero-length crosslinks). Aromatic amino acids (Tyr and Trp) are preferred residues for this reaction, but His, Cys, Lys, and Ala have also been reported to crosslink with 5-bromodeoxyuracil [39] . Therefore, histidine-439 and histidine-434 are good candidates for the amino acid being crosslinked to the target sequence.
Histidine-439 is located adjacent to alanine-440 that was mutated to valin in the used control nonbinding mutant A440V. This mutant leads to a nonbinding phenotype, as shown by in vivo and in vitro experiments [6] . We could verify this phenotype by gel retardation experiments and by protein microarray experiments. The NMR structure of E. coli DnaA domain 4 shows that A440V is located in the middle of an -helix involved in speciWc protein-DNA contact [30] . The exchange of alanine to valine may alter the structure of the involved -helix and result in the observed phenotype. In the future, the technologies applied in this study will become important tools for studying protein-DNA interactions in high throughput, especially of transcription factors. In addition to dsDNA microarrays and the ChIP-chip technology, the application of protein microarray technology will help to reveal molecular targets of transcription factors. It enables the simultaneous analysis of numerous DNA-binding proteins in parallel experiments with respect to many DNA probes in small volumes. To reveal multi-input motifs in transcriptional regulatory networks [2] , which are sets of regulators (transcription factors) that bind to a set of gene promoters, the application of protein microarrays may be very interesting because it allows the parallel selection of a set of transcription factors that recognize a given target DNA site in one hybridization. The inclusion of mutants of the protein into the microarray analysis may help to encircle amino acids or protein domains, which are important for the speciWc protein-DNA contact. Ultraviolet crosslinking of the protein with the DNA substrate in combination with nanoLC/MALDI-TOF MS can then be used as a rapid method for localization of protein regions involved in protein-DNA interactions.
